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(57) ABSTRACT

A method for characterizing a CMOS logic cell of the
partially depleted silicon-on-insulator type (PD-SOI) may
include modeling the logic cell and determining internal
potentials of transistors of the cell in a dynamic equilibrium
state based upon a functional simulation of the modeled cell.
This may be done using a binary stimulation signal having
an 1nitial logic value. The dynamic equilibrium state may be
based upon a cancellation, to within a precision error, of the
sum of the squares of variations in the quantities of charge
in floating substrates of the transistors taken over a period of
two successive transitions of the stimulation signal.
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METHOD AND DEVICE FOR
CHARACTERIZING A CMOS LOGIC CELL
TO BE PRODUCED IN A TECHNOLOGY OF
THE PARTIALLY DEPLETED SILICON-ON-

INSULATOR TYPE

FIELD OF THE INVENTION

The 1nvention relates to integrated circuits, and, more
particularly, to the CMOS logic circuits. Moreover, the
invention relates to the behavior of CMOS logic circuits
produced using partially depleted silicon-on-insulator (PD-
SOI) technology, and to the characterization of such circuits,
for example, with respect to time delay.

BACKGROUND OF THE INVENTION

In recent years, SOI technology has proved to be a
particularly useful alternative to conventional CMOS tech-
nology using bulk silicon. More particularly, the so-called
“floating substrate” effects 1n SOI technology, which are
well known to those skilled in the art, and the reduction 1n
junction capacitances are two examples of the improved
performance provided by SOI technology. However, the
floating substrate effects have disadvantages.

One such disadvantage 1s the hysteresis effect in the
threshold voltage of a transistor, which 1s manifested by
variations 1n time delay. That 1s, variations occur in the time
of propagation of a signal between the input and the output
of a logic cell having such transistors, €.g., an inverter.

PD-SOI technology mtroduces a “temporal” dependence
of the delays 1n such a way that the same structure may have
different delays from cycle to cycle when its rate 1s clocked
by a clock signal. A method of mitializing the voltage on the
floating substrate 1s generally used in the design of SOI
circuits, and error tolerances are used to take these time
constraints into account. However, such an approach may
result 1 the performance of the structure that 1s produced
being overestimated or underestimated.

Moreover, not only do worse case delays need to be
known, but the delays in the best case situations need to be
known so that synchronization problems may be accounted
for. Yet, both the worse and best cases are difficult to identily
since process and design parameters such as current gain,
input slope, charge, supply, and temperature play a key role.
Furthermore, the variable nature of the threshold voltages in
PD-SOI devices 1s such that the propagation of a given
transition between the mput and the output of a logic cell
leads to a different delay depending on whether the cell 1s
under static equilibrium (DC) conditions or whether a
dynamic equilibrium (steady state AC) state has been
reached.

Additionally, 1n practice it proves to be substantially
impossible to characterize a logic cell by exhaustive simu-
lations. This 1s because several thousands of cycles, and
therefore several hours of simulation, are needed to reach
dynamic equilibrium 1n the case of simple inverter-type
cells. As such, the characterization of a much more complex
cell 1s essentially inconceivable using this method.

SUMMARY OF THE INVENTION

It 1s an object of the mvention to allow rapid evaluation
of time delays 1n a dynamic equilibrium state, as well as
rapid evaluation of delays under best and worse case
scenarios, for both simple and relatively complex CMOS
logic cells formed using PD-SOI technology.
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The 1invention therefore provides a method of character-
1zing a CMOS logic cell to be produced using PD-SOI
technology. The method may include modeling the cell, for
example, using a BSIM3SOIl transistor model, and deter-
mining the internal potentials (or potentials of the floating
substrates) of the transistors of the cell in a dynamic equi-
librium state. Such determination may be based on a func-
fional simulation of the modeled cell using a binary stimu-
lation signal having an initial logic value. The internal
potentials are determined based upon a cancellation point of
the potentials to within a precision error. The cancellation
may be determined based upon the sum of the squares of the
variations 1n the quantities of charge 1n the tloating sub-
strates over a period of two successive transitions of the
stimulation signal.

In other words, the invention 1s based upon the observa-
tion that the dynamic equilibrium state (i.e., steady state)
may be defined as the operating point at which the internal
potential of the transistors no longer varies between two
successive transitions. That 1s, the operating point 1s where
the charge variation 1s zero in the floating substrate.

According to one aspect of the mnvention, the determina-
tion of the internal potentials of the transistors of the cell 1n
the dynamic equilibrium state may be performed 1iteratively
and until the cancellation of the sum over a period of the
stimulation signal 1s obtained. This may include functionally
simulating the modeled cell, and delivering for a current
period of the stimulation signal the variations in the quan-
fities of charge 1n the floating substrates based upon current
values of the internal potentials. Further, an optimization
may be performed for optimizing the values of the internal
potentials, mcluding the cancellation thereof, to within the
precision error of an objective function equal to the above-
noted sum.

In other words, 1t 1s advantageous to use a parameter
optimizer whose engine 1s, for example, a Marquardt
algorithm, which 1s used to determine the values of the
internal potentials of the transistors when the charge varia-
tion is zero between two successive transitions (i.€., the
dynamic equilibrium state). As an example, the algorithm
may vary n internal potentials of n transistors of the cell 1n
question to cancel the sum of the squares of the charge
variations. The parameter optimizer therefore restores the
optimized values of the internal potentials of the n transis-
tors.

The method may furthermore include determining the
internal potentials of the transistors of the cell 1n a static
equilibrium state (i.e., before the first occurrence of a
transition in the stimulation signal). The method may also
include determining the difference between the respective
rate of change of the internal potentials of the p-channel and
n-channel transistors of the cell between the static equilib-
rium state and the dynamic equilibrium state that are
obtained for the stimulation signal.

It may also be advantageous to determine the internal
potentials of the transistors of the cell after the first and
second transitions in the stimulation signal. It may similarly
be advantageous to determine the internal potentials of the
transistors corresponding to the best/worse time delay cases
from the internal potentials of the transistors after the first
and second occurrences, and from the internal potentials 1n
the static equilibrium state, the dynamic equilibrium state,
and from the difference 1n rates of change.

This is because the worst time delay case (or the best time
delay case) could occur either after the first or second
occurrence of the transition, either in the dynamic equilib-
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rium state or between the first occurrence of the transition
and the dynamic equilibrium state. Furthermore, it 1s the
observation of the difference between the respective rates of
change of the internal potentials of the p-channel and
n-channel transistors that will allow the various cases to be
distinguished.

It should also be noted here that the second occurrence of
the transition 1s obtained from a stimulation signal having an
initial logic value opposite to that of the stimulation signal,
which allows the first occurrence of the transition to be

obtained. When the cell includes at least two complementary
transistors connected to at least one 1mnput of the cell, as 1s the
case with an inverter, for example, the stimulation signal 1s

applied to the 1nput.

When the cell includes several pairs of complementary
transistors connected to several inputs of the cell, such as in
the case of a two-mnput NAND gate, for example, the
stimulation signal 1s applied 1n succession to each of the
inputs. Meanwhile, predetermined logic values are set for
the other inputs to be delivered as outputs by the cell. The
term “in succession” herein means that different successive
simulations are carried out. For more complex cells, the cell
1s divided into elementary subcells and the internal poten-
fials of the transistors of each elementary subcell in the
dynamic equilibrium state 1s determined.

The determination of the difference in respective rates of
change of the internal potentials of a p-channel transistor
and of an n-channel transistor, the state of which varies 1n
response to the stimulation signal, may be determined as
follows. An 1nitial slope may be determined of a curve
representing the change between the static equilibrium state
and the dynamic equilibrium of the internal potential of the

p-channel transistor as a function of the internal potential of
the n-channel transistor.

If the absolute value of this slope 1s close to 0, the 1nternal
potential of the p-channel transistor corresponding to the
worse time delay case or to the best time delay case for this
stimulation 1s obtained from the internal potential of the
transistor 1n 1ts static equilibrium state. The internal potential
of the n-channel transistor corresponding to the worse time
delay case for this stimulation 1s obtained from the internal
potential of the transistor in its dynamic equilibrium state.

If the absolute value of the slope 1s substantially greater
than 1, the internal potential of the n-channel transistor
corresponding to the worse time delay case or to the best
time delay case for this stimulation 1s obtamned from the
internal potential of the transistor in its static equilibrium
state. The 1nternal potential of the p-channel transistor
corresponding to the worse time delay case for this stimu-
lation 1s obtained from the internal potential of the transistor
in its dynamic equilibrium state. If the absolute value of the
slope 1s approximately equal to 1, the internal potentials of
the transistors corresponding to the worse time delay case or
to the best time delay case for this stimulation are obtained
cither from the respective internal potentials of these tran-
sistors after the first or second occurrence of the transition,
or from the respective internal potentials of these transistors
in the dynamic equilibrium state.

The method may also include determining the various
time delays of the cell from the corresponding internal
potentials, and determining the time delay corresponding to
the worse case or to the best case for each stimulation. It 1s
also possible to determine other parameters for characteriz-
ing the cell, such as for example, the consumption and the
leakage current from the 1nternal potentials of the transistors
of the cell corresponding to the worse case or to the best case
for each stimulation.
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A device for characterizing a CMOS logic cell produced
using PD-SOI technology 1 accordance with the invention
may 1nclude a modeler or means for modeling the cell and
a processor or processing means for determining the internal
potentials of the transistors of the cell in their dynamic
equilibrium state. This determination may be based on a
functional simulation of the modeled cell using a binary
stimulation signal, having an initial logic value. The mternal
potentials are determined based on a cancellation point of
the potentials to within a precision error. The cancellation
point may be determined based upon the sum of the squares
of the variations in the amounts of charge in the floating
substrates over a period of two successive transitions of the

stimulation signal.

The processor may include a simulator or simulation
means for performing a functional simulation of the mod-
cled cell. The simulation means may deliver, for a current
period of the stimulation signal, the variations i1n the
amounts of charge 1n the floating substrates from the current
values of the potentials of the floating substrates. The
processor may further include an optimizer or optimization
means for processing the values of the potentials of the
floating substrates, including the cancellation thereof, to
within the precision error of an objective function equal to
the above-noted sum. The processor may also include and
activator or activation means for activating the stmulator and
the optimizer iteratively and until the sum 1s cancelled over
the period of the stimulation signal.

The processor may also determine the potentials of the
floating substrates 1n a static equilibrium state. It may further
determine the difference between the respective rates of
change of the potentials of the floating substrates of the
p-channel and n-channel transistors of the cell between the
static equilibrium state and the dynamic equilibrium state for
the stimulation signal.

The processor may additionally determine the internal
potentials of the transistors of the cell after the first and
second occurrences of a transition i the stimulation signal.
It may also determine the internal potentials of the transis-
tors corresponding to the worse or best time delay case of the
cell. This may be done from the internal potentials of the
transistors after the first and second occurrences, from the
internal potentials in the static equilibrium state and in the
dynamic equilibrium state, and from the difference 1n rates
of change.

The processor may also determine the initial slope of a
curve representing the change between the static equilibrium
state and the dynamic equilibrium state of the internal
potential of a p-channel transistor as a function of the
internal potential of an n-channel transistor. If the absolute
value of the slope 1s close to 0, the internal potential of the
p-channel transistor corresponding to the worse time delay
case or to the best time delay case for this stimulation is
obtained from the internal potential of the transistor in its
static equilibrium state. The internal potential of the
n-channel transistor corresponding to the worse time delay
case for this stimulation 1s obtained from the 1nternal poten-
fial of the transistor in its dynamic equilibrium state.

If the absolute value of this slope 1s substantially greater
than 1, the internal potential of the n-channel transistor
corresponding to the worse time delay case or to the best
fime delay case for this stimulation 1s obtained from the
internal potential of the transistor in 1ts static equilibrium
state. The internal potential p-channel transistor correspond-
ing to the worse time delay case for this stimulation is
obtained from the internal potential of the transistor in its
dynamic equilibrium state.
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If the absolute value of this slope 1s approximately equal
to 1, the internal potentials of the transistors corresponding
to the worse time delay case or to the best time delay case
for this stimulation may be obtained as follows. First, this
may be done from the respective internal potentials of these
transistors after the first or second occurrence of the transi-
tion. It may also be done from the respective internal
potentials of these transistors in the dynamic equilibrium
state.

The processor may also determine the various time delays
of the cell from the determined corresponding internal
potentials, and also determine time delay corresponding to
the best and worse cases for each stimulation. Moreover, the
processor may determine other parameters for characteriz-
ing the cell from the internal potentials of the transistors of
the cell corresponding to the best and worse cases for each
stimulation.

BRIEF DESCRIPTION OF THE DRAWINGS

Other advantages and features of the invention will
become apparent upon examining the detailed description of
embodiments of the invention, which are given by way of
non-limiting examples, and the appended drawings, 1n
which:

FIG. 1 1s a schematic diagram illustrating a transistor
implemented using partially depleted silicon-on-insulator
technology 1n accordance with the prior art;

FIGS. 2a and 2b are, respectively, a schematic circuit
diagram of a CMOS mverter cell and a graph illustrating the
change 1n the internal potentials of the nMOS transistor of
the 1nverter cell in accordance with the prior art;

FIGS. 3a and 3b are, respectively, graphs illustrating
stimulation signals and a corresponding delay of the internal
potential changes versus time based thercon 1n accordance
with the present mmvention;

FIG. 4 1s a graph 1llustrating three possible changes 1n the
propagation delay 1n a logic cell as a function of time in
accordance with the present invention;

FIG. 5 1s a graph 1illustrating a stimulation signal in
accordance with the present invention;

FIG. 6 1s a schematic block diagram of a characterization
device for determining the mternal potential 1in the dynamic
cequilibrium state of the transistors of a CMOS cell 1n
accordance with the present invention;

FIG. 7 1s a graph 1illustrating best and worse case time
delay determination 1n accordance with the present inven-
tion;

FIG. 8 1s a flow diagram of the operation of a character-
1zation device according to the present invention;

FIGS. 9a, 9b, and 9c¢ are, respectively, a schematic
diagram of a two-mput logic cell and associated logic and
delay tables illustrating implementation of the present inven-
tion for the two-input logic cell; and

FIGS. 10a and 10b are, respetively, a schematic diagram
of a more complex logic circuit and associated logic table
illustrating implementation of the present invention therefor.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Turning now to FIG. 1, an nMOS ftransistor T 1s formed
in a silicon substrate SB on an insulating layer OX1. The
insulating layer OX1 1tself 1s on a carrier substrate SBO.
This structure 1s typical of an SOI structure, which 1s well
known to those skilled 1n the art. When the thickness of the
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6

oxide layer OX1 is large enough (e.g., greater than about 50
nanometers), the substrate SB 1s of the partially depleted

type.

In such a transistor, a neutral zone B lies beneath the
depleted region and between the source and drain regions S
and D. This neutral zone, which will collect holes, 1s not
connected to a fixed potential. It 1s therefore referred to as
a “lfloating substrate” zone. Of course, apart from this
floating substrate zone, the transistor T conventionally
includes the source region S, the drain region D and a gate
region G, that latter being 1solated from the substrate SB by
a gate oxide GO.

The variations 1n the internal potential Vb of the transistor
T, 1.e., of the potential of the floating substrate BN, are
caused 1n particular by the source/gate/drain capacitive
coupling and by 1mpact 1onization, generation/new combi-
nation effects and gate tunnel effects. These variations 1n the
internal potentials result in variations in the threshold volt-
age and variations 1n the leakage and saturation occurrence
of the transistor.

Moreover, the structures 1n partially depleted SOI devices
exhibit “history effects” which are manifested by a time
dependence of the delays. More particularly, the recent
history of an input terminal has an impact on the perfor-
mance. This 1s 1llustrated in particular with respect to FIGS.
2a and 2b for an inverter I'V having an input A and an output
Z.. A curve C1 1illustrates the change in the internal potential
of the nMOS transistor of the mverter IV 1 response to a
binary stimulation signal ST having the logic value 0 as an
initial value.

A curve (C2 1llustrates the same change in the internal
potential of the nMOS ftransistor of the mverter IV 1n
response to a stimulation signal ST1 having the logic value
1 as 1mitial value. To observe the first occurrence of the 0/1
transition and the second occurrence of the 0/1 transition, it
1s necessary to use the two stimulation signals ST0 and ST1.
The same applies for observing the first occurrence of the
1/0 transition and the second occurrence of the 1/0 transi-
fion.

In SOI technology, as in bulk silicon technology, the rise
times are different from the fall times on the output Z.
However, 1n SOI technology, the first occurrence and the
second occurrence of the same transition do not result 1n the
same 1nternal potentials, and consequently do not have the
same fime delays. This 1s due to the vanations in the
potential of the neutral zone BN, which has different values
depending on whether the potential 1s 1n a static equilibrium
situation (situation A), or whether it has undergone a recent
transition and has not had the time to resume an equilibrium
state (situation B).

The dynamic equilibrium state (steady state) may be
defined as the operating point at which the internal potential
of the transistors no longer varies between two successive
transitions of the stimulation signal. That 1s, the variation in
charge 1s zero 1n the neutral zone BN. At this stage, the
charges entering the neutral zone (via the leakage current
from the reverse-biased neutral zone/drain junction and via
an impact ionization phenomenon) are equal to the charges
leaving via the now conducting neutral zone/source junc-
tion.

If a large number of pulses 1s sent to the mput of a logic
cell (e.g., an inverter) using the stimulation signal STI1
(which starts the logic 1 condition), and then the stimulation
signal STO (which starts the logic zero condition), the
following may be observed. Namely, as 1llustratively shown
in FIGS. 3a and 3b, the delays corresponding to the first and
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second occurrences of the same transition converge (curves
CR1 and CR2 on the one hand, and curves CR3 and CR4 on
the other). Two different dynamic equilibrium states are
obtained for the two stimulation signals, 1.e., for two ditfer-
ent 1nitial logic values.

Likewise, the four time delays corresponding to the first
and second occurrences of the 1/0 transition and to the first
and second occurrences of the 0/1 transition, respectively,
arc different. It will therefore be necessary to determine
them, as well as the time delays corresponding to the two
dynamic equilibrium states, to be able to determine the time
delay 1n the worse case situation and/or 1n the best case
situation. This 1s because, 1n a partially depleted SOI device,
the worse case (or best case) time delay may be during the
first occurrence of a transition (first case), in the dynamic
equilibrium state (second case), or somewhere between the
two (third case) for a given stimulation signal (i.e. one
having a given initial logic value), as illustrated in FIG. 4.

In theory, the dynamic equilibrium state 1s achieved after
several hundred thousand pulses on the input of the gate in
question. This represents a simulation time of a dozen hours
or so for a simple mverter, and 1s consequently practically
impossible to simulate for a more complex cell. The present
invention makes 1t possible to solve this problem and
especially to determine very rapidly the internal potentials of
the transistors of a logic cell 1 their dynamic equilibrium
state.

In this regard, to characterize a logic cell an appropriate
transistor model 1s used. By way of example, one suitable
model, namely BSIM3SOl, is available on the University of
Berkeley Internet site. Another suitable model (SOISPICE)
1s available from the University of Florida. The model 1s
then used with a processor PM (FIG. 6) for determining the
internal potentials Vb of the transistors of the cell 1n their
dynamic equilibrium state.

This determination 1s based on cancellation, to within a
precision error, of the sum of the squares of the variations in
the amounts of charge in the floating substrates over a period
P (FIG. 5). The period P encompasses two successive
transitions TRn and TRn+1 of a stimulation signal ST during
a functional stmulation of the modeled cell. This functional
simulation may be carried out by a software simulator

SIMM using, for example, simulation software known by
the name ELDO from Mentor Graphics.

Thus, the mput parameters for the modeled cell and for
the simulator SIMM (e.g., ELDO) are as follows: the value
of the source voltage; the definition of the gate and the drain
as mput and output of the iverter; the value of the internal
potentials of the transistors; the value of the voltage of the
substrate SB, ¢.g., taken at zero; the value of the slopes of
the transitions of the simulation signals; and the value of the
charging capacitors.

The simulator SIMM delivers as an output the quantities
of charge 1n the floating substrates BN of the transistors
together with the delay 1in consumption values. The deter-
mination of the internal potential 1n the dynamic equilibrium
state of the transistors 1s carried out by combining the
simulator SIMM with a parameter optimizer OPTM. By way
of example, the optimizer OPTM may implement a Mar-
quardt algorithm, such as that described in the article by D.
Marquardt enfitled “An algorithm for at least square esti-
mates of non linear parameters”, SIAM Journal, Vol. 11, p.

431-441, 1963.

In the present case, the optimization processing carried
out by the optimizer OPTM will include canceling, to within
a precision error, an “objective” function. This function 1s
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equal to the sum of the squares of the variations in the
quantities of charge 1n the floating substrates over the period
P. In practice, determination of the parameters Vb of the
transistors 1s carried out iteratively. More specifically, for a
orven stimulation signal having a given nitial logic value, an
activator and accompanying software will activate the simu-
lator SIMM. The optimizer OPTM will also be iteratively
activated until the sum over a period of the stimulation
signal 1s cancelled.

More specifically, at each period of the stimulation signal,
the stmulator SIMM will deliver, on the basis of the values
of the internal potentials Vb, delivered by the optimizer
OPTM at the previous cycle, the various charge variations
AQ. of the transistors. These charge variations AQ; are
processed by the optimizer OPTM, which will vary the
values of the 1nternal potentials for the purpose of canceling
the objective function to within a precision error. When the
objective function has been cancelled to within the precision
error, the values of the internal potentials Vb, delivered by
the optimizer OPTM are the values of the internal potentials
in the dynamic equilibrium state of the transistors.

To simplify matters, 1t may be stated that the optimization
algorithm varies the mternal potentials of the transistors of
the cell 1n question to cancel the sum of the squares of the
charge variations. The optimizer then delivers the optimized
values of the internal potentials, which are in turn used again
by the simulator SIMM to determine the time delay corre-
sponding to the dynamic equilibrium state.

It should be noted here that such processing to determine
the 1nternal potentials 1n the dynamic equilibrium state takes
about two minutes for an inverter, compared with about 24
hours for a conventional theoretical simulation. If a conven-
tional simulation were to be carried out, the determination of
the time delay in a worse or best case situation would prove
to be very difficult i1f such situation was between the
dynamic equilibrium state and the static equilibrium state.
This 1s because the worse or best case situation may lie
within a time scale completely 1mnaccessible by conventional
simulation. That 1s, such case may require a very large
number of pulses, and consequently an extremely long
simulation time.

The present mvention also provides a solution to this
problem and makes 1t possible for the internal potentials of
the transistors 1n a worse or best case situation to be rapidly
and simply determined. This may be done even 1if this
situation lies between the static equilibrium state and the
dynamic equilibrium state.

More specifically, 1t has been observed that when the
worse or best case situation occurs neither during the first
occurrences of the transitions nor in dynamic equilibrium,
the change in time delay for a given stimulation signal
starting from a given logic value passes through an inter-
mediate maximum. This intermediate maximum 1s between
the first transition and the dynamic equilibrium state, and 1t
corresponds to the worse case situation.

Moreover, for the opposite stimulation signal, 1.€., starting,
from the opposite logic value, the time delay then passes
through an intermediate minimum between the first transi-
tion and the dynamic equilibrium state. This 1s the best case
situation.

It has been observed that this type of situation occurs
under extreme operating conditions of the cell, 1.€., when
applyimng a relatively shallow input slope and/or a high
charging capacitance with respect to the cell in question. In
the other cases, namely balanced operating conditions (i.e.,
the slope applied at the iput and charging capacitor has
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reasonable values relative to the size of the cell in question),
there 1s generally a substantially monotonic variation in the
fime delay as a function of time.

Under the extreme conditions, 1t 1s therefore observed that
the internal potentials of the n-channel and the p-channel
transistors do not reach the dynamic equilibrium state at the
same ftime. This 1s because the internal potential of the
nMOS transistor moves much more rapidly toward the
equilibrium state than the internal potential of the pMOS
transistor. On the other hand, under balanced operating
conditions, the internal potentials of the two transistors
generally move at the same rate.

The curves illustrated in FIG. 7, which represent the
internal potential Vb, of the pMOS transistor as a function
of the internal potential Vb, of the nMOS transistor, show
the difference 1n the rate of change of these two potentials
toward the dynamic equilibrium state. More specifically,
path 1 shows the change 1n the internal potentials of the
nMOS transistor and of the pMOS transistor from the static
equilibrium condition DC to the dynamic equilibrium
(steady state) for an inverter used under balanced operating
conditions. It may be seen that the internal potentials Vb,
and Vb, change approximately at the same rate, which
corresponds to a monotonic variation in the delay from the
static equilibrium to the dynamic equilibrium.

In contrast, path 2 characterizes the situation 1n which the
internal potential Vb first changes much more rapidly than
the internal potential Vb . This 1s therefore the situation 1n
which a maximum delay (or minimum delay, depending on
the logic value at the start of simulation) lies between the
static equilibrium and the dynamic equilibrium.

In this case, an excellent approximation of this worse case
(or best case) delay 1s the point WC on the curve. The point
WC has as 1ts coordinates the value of the internal potential
Vb_ 1n the dynamic equilibrium state, and the value of the
internal potential Vb, in the static equilibrium state. It then
suflices to 1nitiate a simulation with the simulator SIMM
using these 1nternal potential parameters as initial conditions
for obtaining the corresponding time delay.

For clarity of illustration, a path 3 1s also illustratively
shown for a situation in which the internal potential Vb , first
changes much more rapidly than the internal potential Vb, .
That 1s, this 1s the situation in which a minimum delay (if the
point WC corresponds to a worse case) or maximum delay
(if the point WC corresponds to a best case) lies between the
static equilibrium and the dynamic equilibrium. In this case,
an excellent approximation of this best case (or worse case)
delay 1s the point on the curve called BC. The point BC has
as 1ts coordinates the value of the internal potential Vb, in
the dynamic equilibrium state, and the value of the internal
potential Vb_ 1n the static equilibrium state.

It may be seen that the paths 1, 2 and 3 are distinguished
by the value of the initial slope of the curve representing the
change, between the static equilibrium state and the dynamic
equilibrium state, of the internal potential of a p-channel
transistor as a function of the internal potential of an
n-channel transistor. More specifically, a slope close to 0
corresponds to path 2, a slope approximately equal to 1
corresponds to path 1 and a slope substantially greater than
1 corresponds to path 3.

In practice, to determine this slope, a stmulation 1s 1niti-
ated over a small number of cycles (e.g., about 10), which
makes 1t possible to obtain a first variation in the internal
potentials Vb,, and Vb, from the static equilibrium state for
a given stimulation signal. The variation in these same
internal potentials between the static equilibrium state and
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the dynamic equilibrium state 1s also known. A normalized
ratio of these variations allows the value of the slope to be
deduced therefrom.

A flowchart for characterizing a logic cell in accordance
with the present invention 1s illustratively shown 1n FIG. 8.
In step 80, for each stimulation signal (starting from the two
opposite logic values), the internal potentials of the transis-
tors of the cell 1n question during the first and second
occurrences of each transition are determined. The internal
potentials of the transistors in their static equilibrium state
and 1n their two dynamic equilibrium states corresponding to
the two stimulation signals are also determined.

Next, from these internal potentials, the simulator
computes, 1 step 81, the corresponding time delays. The
processor determines, in step 82, the value of the slope of the
curve representing the difference 1n the rate of change
between the internal potentials of the p-channel transistors
and the n-channel transistors.

If the situation 1s not one 1n which the worse case or the
best case lies between the static equilibrium state and the
dynamic equilibrium state (step 83), the internal potentials
of the transistors in this worse case (or best case) are then
determined (step 84), and the corresponding time delays are
then deduced (step 85) therefrom. On the other hand, if this
1s not the situation, the time delays corresponding to the best
and worse cases are then determined (step 85) from the
delays computed for the first and second occurrences of each
of the transitions. They are also determined for the two
dynamic equilibrium states corresponding to the two oppo-
site logic values of the simulation signals.

Next, 1n step 86 1t 1s also possible to define other char-
acteristics of the cell from the internal potentials, such as the
consumption, the leakage current, etc. The cycle can be
restarted (step 87) by changing the temperature, the input
slope, the charging capacitance parameters, etc.

The characterization of a more complex cell than an
inverter may, of course, be longer than that of the inverter.
For example, a cell may include several iputs, such as the
NAND cell CEL 1llustrated in FIG. 9a which has two inputs.
It 1s therefore necessary to determine the internal potential,
and consequently the time delays, for the first and second
occurrences, as well as for the dynamic equilibrium state
relating to the transitions of each of the mputs while the
others are fixed. However, everything that was described
above 1n the case of the mverter still applies to the charac-

terization of such complex cells.

This being the case, 1t may be necessary to apply signals
that cause switching of the output. To do this, reference is
made to the truth table of FIG. 9b. It may be seen that 1f the
input a 1s set at 0, the output of the CEL gate will remain
unchanged whatever the value applied to the input b.
Likewise, 1f the mput b 1s set at 0, the output z of the cell will
remain unchanged whatever the value applied to the input a.

Under these conditions, the input a will be set to 1 and the
transitions on the mput b will be examined 1n succession.
Likewise, the mput b will then be set to 1 and the transitions
on the mput a will be examined. This 1s summarized 1n the

table of FIG. 9c.

In the case of more complex cells, such as an
EXCLUSIVE-NOR (XNOR) cell like that illustrated in FIG.
10a, for example, the number of transistors to be character-
1zed may rapidly become a limiting factor in the case of
certain optimization algorithms. If this 1s the case, the cell
CEL may then be divided into several simpler elementary
subcells. The combination of all the internal dynamic equi-
librium potentials of these subcells, calculated separately,
correspond to the overall dynamic equilibrium state of the
entire cell.
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Thus, 1n the example illustrated 1n FIG. 104, the subcell
CEL 1 1s a simple NAND gate with two mputs, the char-
acterization of which 1s may be performed by the optimi-
zation algorithm described above. An optimization will
therefore be 1nitiated on the cell CEL by considering first

only the internal potentials of the transistors belonging to the
subcell CEL 1. The same will then apply to the subcells CEL

2 and CEL 3.

This process will be further understood with reference to
the truth table of FIG. 10b. For the transition t0, the 1mnput a
does not vary and remains set at 0, which means that the
output of the subcell CEL 1 1s set to 1. Consequently, the
internal potentials of the transistors making up the subcell
CEL 1 are not involved in the search for the dynamic
equilibrium state corresponding to the t0 transition. This will

therefore 1nvolve only the optimization of the transistors
MNJ3, MN4, MNS, MP3, MP4 and MPS.

More specifically, by setting the input a to 0 and by
applying the 0/1/0 transition to the input b, the transistors
MPS and MNJ3 are mitially on. The floating nodes of the
circuit are then initially biased to a known potential, and the
internal potentials of the transistors of the subcells CEL 2
and CEL 3 may then be properly optimized.

With regard to the t1 transition, the input b 1s set to 0, and
the output of the subcell CEL 1 1s set to 1. The transistor of
this subcell CEL 1 will therefore not be involved. The
transistor MNS 1s also off throughout the transition. Its
internal potential will therefore not be mvolved either. By
applying the 0/1/0 transition, the output z (initially at 1) is
pulled towards O via the nMOS ftransistors, thus allowing
optimization of the internal potential. On the other hand, the
1/0/1 transition charges the output z to 1, while it was
mitially at 0, thus allowing optimization of the pMOS
transistors of the subcell CEL 2.

The output of the subcell CEL 1 switches during the t2
and t3 transitions, which means that it 1s necessary to
optimize the internal potentials of these transistors. A 1/0/1
transition allows the subcell CEL 1 to be optimized. It 1s then
necessary to extract the internal potentials of the transistors
in the dynamic equilibrium state corresponding to the 0/1/0
transition and inject them as 1nifial parameters imto an
optimization of the internal potentials of the transistors

MN3, MN4, MN5, MP3, MP4 and MPS5, where: a=0 and
b=0/1/0 for the t3 transition; and b=0 and a=0/1/0 for the t2
fransition.

That which 1s claimed 1s:

1. A method for designing a silicon-on-insulator (SOI)
type complementary metal oxide semiconductor (CMOS)
device comprising:

modeling a CMOS logic cell comprising at least one

complementary transistor pair, each transistor compris-
ing a respective floating substrate; and

determining desired internal potentials of the transistors
of the modeled CMOS logic cell m a dynamic equi-
librium state by
simulating operation of the modeled CMOS logic cell
based upon 1nitial internal potentials using a transi-
tioning binary stimulation signal, and
determining a point of cancellation of charge variations
in the floating substrates of the transistors based
upon a sum of the squares of the charge variations
over a plurality of transitions of the stimulation
signal.
2. The method of claim 1 wherein determining the point
of cancellation comprises determining the point of cancel-
lation to within a precision error.
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3. The method of claim 1 wherein simulating comprises
iteratively simulating operation of the modeled CMOS logic
cell; and wherein determining the point of cancellation
comprises changing the initial internal potentials between
iterations so that the sum of the squares approaches the point
of cancellation.
4. The method of claim 1 wherein determining the desired
internal potentials further comprises determining the charge
variations by:
determining the internal potentials of the floating sub-
strates during a static equilibrium state of the modeled
CMOS logic cell; and

determining a difference between respective rates of
change of the imternal potentials of the floating sub-
strates between the static equilibrium state and the
dynamic equilibrium state.

5. The method of claim 1 wherein determining the desired
internal potentials further comprises determining the charge
variations by:

determining internal potentials of the transistors of the

cell after each of the plurality of transitions of the
stimulation signal; and
designating at least one of best and worse case internal
potentials from among the determined internal poten-
tials for the transistors corresponding to best and worse
case time delays, respectively, and determining the
initial mnternal potentials based thereon.
6. The method of claim 5 wherein designating at least one
of the best and worse case internal potentials comprises:
determining a rate of change between a first internal
potential and an internal potential at the dynamic
equilibrium state of a first one of the transistors; and

determining the initial internal potential of a second one
of the transistors for at least one of the best and worse
case time delays from the internal potential of the first
transistor 1n at least one of 1its static and dynamic
equilibrium states based upon the determined rate of
change.

7. The method of claim 1 wherein the CMOS logic cell
comprises at least one 1input connected to the transistors, and
wherein the stimulation signal 1s applied to the at least one
mnput.

8. The method of claim 1 wherein the at least one pair of
complementary transistors comprises a plurality of comple-
mentary transistor pairs.

9. The method of claim 8 wherein the CMOS logic cell
comprises a plurality of inputs connected to the plurality of
complementary transistor pairs; and wherein the stimulation
signal 1s successively applied to each of the inputs while at
least one predetermined signal 1s applied to the other 1nputs.

10. The method of claim 8 wherein the plurality of
complementary transistor pairs are grouped 1nto a plurality
of subcells; and wherein determining the desired internal
potentials comprises determining the desired internal poten-
fials of the transistors of each subcell in the dynamic
equilibrium state.

11. A method for designing a partially depleted silicon-
on-insulator (PD-SOI) type complementary metal oxide
semiconductor (CMOS) device comprising:

modeling a CMOS logic cell comprising at least one
complementary transistor pair, each transistor compris-
ing a respective floating substrate; and

determining desired internal potentials of the transistors
of the modeled CMOS logic cell in a dynamic equi-
librium state by
iteratively simulating operation of the modeled CMOS
logic cell beginning with initial mternal potentials
using a transitioning binary stimulation signal, and
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determining a point of cancellation of charge variations
in the floating substrates of the transistors to within
a precision error based upon a sum of the squares of
the charge variations over a plurality of transitions of
the stimulation signal by changing the initial internal
potentials between simulation iterations so that the
sum of the squares approaches the point of cancel-
lation.
12. The method of claim 11 wherein determining the
desired internal potentials further comprises determining the
charge variations by:

determining the internal potentials of the floating sub-

strates during a static equilibrium state of the modeled
CMOS logic cell; and

determining a difference between respective rates of
change of the mternal potentials of the floating sub-
strates between the static equilibrium state and the
dynamic equilibrium state.
13. The method of claim 11 wherein determining the
desired internal potentials further comprises determining the
charge variations by:

determining internal potentials of the transistors of the
cell after each of the plurality of transitions of the
stimulation signal; and

designating at least one of best and worse case internal

potentials from among the determined internal poten-

tials for the transistors corresponding to best and worse

case time delays, respectively, and determining the
initial internal potentials based thereon.

14. The method of claim 13 wherein designating at least

one of the best and worse case internal potentials comprises:

determining a rate of change between a first internal
potential and an internal potential at the dynamic
equilibrium state of a first one of the transistors; and

determining the initial internal potential of a second one
of the transistors for at least one of the best and worse
case time delays from the internal potential of the first
transistor 1n at least one of 1its static and dynamic
cequilibrium states based upon the determined rate of
change.
15. The method of claim 11 wherein the at least one pair
of complementary transistors comprises a plurality of
complementary transistor pairs.

16. The method of claim 15 wherein the CMOS logic cell
comprises a plurality of inputs connected to the plurality of
complementary transistor pairs; and wherein the stimulation
signal 1s successively applied to each of the mputs while at
least one predetermined signal 1s applied to the other 1nputs.

17. The method of claim 15 wherein the plurality of
complementary transistor pairs are grouped 1nto a plurality
of subcells; and wherein determining the desired internal
potentials comprises determining the desired internal poten-
fials of the transistors of each subcell in the dynamic
equilibrium state.

18. A system for designing a silicon-on-insulator (SOI)
type device comprising;:

a modeled complementary metal oxide semiconductor
(CMOS) logic cell comprising at least one complemen-
tary transistor pair, each transistor comprising a respec-
tive tloating substrate; and

a processor for determining desired internal potentials of
said transistors of said modeled CMOS logic cell 1n a
dynamic equilibrium state by
simulating operation of said modeled CMOS logic cell

based upon 1nitial internal potentials using a transi-
tioning binary stimulation signal, and
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determining a point of cancellation of charge variations
in the floating substrates of said transistors based
upon a sum of the squares of the charge variations
over a plurality of transitions of the stimulation
signal.

19. The system of claim 18 wherein said processor
determines the point of cancellation to within a precision
ITOT.

20. The system of claim 18 wherein said processor
iteratively simulates operation of said modeled CMOS logic
cell and determines the point of cancellation by changing the
initial internal potentials between 1terations so that the sum
of the squares approaches the point of cancellation.

21. The system of claim 18 wherein said processor
determines the charge variations by:

determining the internal potentials of the floating sub-

strates during a static equilibrium state of said modeled
CMOS logic cell; and

determining a difference between respective rates of
change of the imternal potentials of the floating sub-
strates between the static equilibrium state and the
dynamic equilibrium state.
22. The system of claim 18 wherein said processor
determines the charge variations by:

determining internal potentials of the transistors of the
cell after each of the plurality of transitions of the
stimulation signal; and

designating at least one of best and worse case internal
potentials from among the determined internal poten-
tials for the transistors corresponding to best and worse
case time delays, respectively, and determining the
initial internal potentials based thereon.
23. The system of claim 22 wherein said processor
designates the at least one of the best and worse case 1nternal
potentials by:

determining a rate of change between a {irst internal

potential and an internal potential at the dynamic
equilibrium state of a first one of said transistors; and

determining the initial internal potential of a second one
of said transistors for at least one of the best and worse
case time delays from the internal potential of said first
transistor 1n at least one of 1its static and dynamic
equilibrium states based upon the determined rate of
change.

24. The system of claim 18 wherein said modeled CMOS
logic cell comprises at least one i1nput connected to said
transistors, and wherein the stimulation signal 1s applied to
the at least one 1nput.

25. The system of claim 18 wherein said at least one pair
of complementary transistors comprises a plurality of
complementary transistor pairs.

26. The system of claim 25 wherein said modeled CMOS
logic cell comprises a plurality of inputs connected to said
plurality of complementary transistor pairs; and wherein the
stimulation signal 1s successively applied to each of the
inputs while at least one predetermined signal 1s applied to
the other inputs.

27. The system of claim 25 wherein said plurality of
complementary transistor pairs are grouped 1nto a plurality
of subcells; and wherein said processor determines the
desired internal potentials of said transistors of each subcell
in the dynamic equilibrium state.
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